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Abstract 
Low-temperature FTIR spectroscopy is further developed to be applicable to measure the aluminum concentration in solar-grade 
silicon in concentrations up to 4 × 1016 atoms/cm3. Absorption spectra of multicrystalline silicon samples doped with varying 
aluminum content are measured at 10 K and correlated to the dopant density obtained by four point probe resistivity 
measurements. Calibration factors for absorption peaks of unpaired substitutional aluminum at 443, 472, 516+524 and 867 cm-1 
as well as for a Fano anti-resonance at 962 cm-1 are reported. 
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1. Introduction 
Refined silicon produced from metallurgical-grade silicon, using cost and energy efficient purification processes, 
can contain several types of dopants including aluminum. Purification processes lead to intermediate grades of 
refined silicon with dopant concentrations up to 1017 atoms/cm3. Later refining stages of silicon are denoted by 
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solar-grade silicon which contains dopant concentrations up to 1016 atoms/cm3. For controlling the quality of such 
silicon, measurement methods are needed which allow determining the type and concentration of various dopants.  
Several physical methods such as secondary ion mass spectroscopy, inductively coupled plasma mass 
spectroscopy or neutron activation analysis exist but they are expensive. Methods, which reveal the electrically 
active dopant concentration, are low-temperature photoluminescence spectroscopy (LTPL) [1] and low-temperature 
Fourier transform infrared absorption spectroscopy (LTFTIR)[2]. These methods have been originally developed for 
dopant concentrations below 1015 atoms/cm3 but they can in principle be adapted for solar-grade silicon and 
precursors thereof. Recently, the PL method has been extended for concentrations in the range of 
1015 - 1017 atoms/cm3 [3,4,5]. Additionally, a method based on carrier lifetime measurements exists which yields the 
total acceptor concentration based on iron boron pairing kinetics [6,7,8]. Silicon containing high concentrations 
(> 1015 atoms/cm3) of different acceptors and donors becomes opaque in the spectral region of the main electronic 
transitions between 300 and 600 cm-1. This is due to the strong absorption by electronic transitions. Hence, to 
identify and quantify donors and acceptors in the silicon in question, absorption peaks at higher wavenumbers have 
to be used. In this contribution we establish calibration factors for several aluminum related absorption peaks in 
order to extend the upper detection limit of aluminum up to 4 × 1016 atoms/cm3 and to be able to measure the 
aluminum concentration in silicon refined up to solar-grade. 
2. Experimental 
In order to model refined silicon, samples were fabricated by directional solidification of aluminum doped molten 
electronic-grade silicon. Segregation during solidification leads to increasing aluminum concentration with 
increasing ingot height. Hence, samples with varying aluminum content can be obtained from one ingot. This 
investigation uses samples from two crystallization runs starting with an aluminum concentration in the melt of 
20 ppmwt and 75 ppmwt, respectively. This results in multicrystalline silicon samples doped with aluminum in the 
range of 3 × 1015 to 4 × 1016 atoms/cm3. The concentration of interstitial oxygen Oi and substitutional carbon Cs is 
determined by room temperature FTIR measurements [ 9 ], ranges (0.7 - 3.2) × 1017 atoms/cm3 and 
(5.0 - 7.5) × 1017 atoms/cm3, respectively. The samples have been cut from the center part of the ingot. 
Subsequently, the samples were etched using a HF+HNO3 solution to remove the saw damage and to chemically 
polish the surfaces. Sample thickness is 2 mm. 
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Fig. 1. Low-temperature FTIR spectrum of an aluminum doped multicrystalline silicon sample used to determine the calibration factors. 
Aluminum related absorption peaks are labelled. 
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The electrically active dopant density is determined by measuring the resistivity9 using a four-point-probe 
measurement system. With known carrier mobility [10], the carrier density and thus the electrically active dopant 
density is calculated from the resistivity.  
The low-temperature FTIR setup consists of a Tensor 27 spectrometer from Bruker equipped with a closed cycle 
cryostat from Montana Instruments to cool the samples to about 10 K. The temperature was measured by the ratio of 
the interstitial oxygen absorption peaks [11] at 1128 cm-1 and 1136 cm-1 and by a temperature sensor. Additionally, 
samples can be illuminated through a third window by a halogen lamp. 
3. Results and discussion 
Fig. 1 depicts a LTFTIR spectrum of an aluminum doped multicrystalline silicon sample used to determine 
calibration factors for IR absorption peaks. The observed aluminum related peaks can be grouped into three types: 
first, the electronic transitions from isolated substitutional aluminum Als at 443, 472, 516, 524, 867 and 892 cm-1  
[12]. Second, a Fano anti-resonance at 962 cm-1 [13]. Third, electronic transitions from substitutional aluminum 
paired with a substitutional carbon (AlsCs) at 338, 373, 404, 414 and 762 cm-1 [14,15]. Line splitting due to internal 
stress [12] was not observed in any of our multicrystalline silicon samples. 
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Fig. 2. IR absorption spectrum after baseline correction of an aluminum doped multicrystalline silicon sample. Absorption peaks are fitted by 
pseudo-Voigt functions. 
To correctly calibrate the peak area to the substitutional aluminum content, two factors need to be taken into 
account. First, the samples used for the calibration are slightly co-doped by boron and phosphorus. This leads to an 
erroneous determination of the aluminum concentration by resistivity measurements. To account for this effect, we 
measured the boron and phosphorus content using the absorption peaks at 320 and 316 cm-1 [16]. The difference 
between the boron and phosphorus content was subtracted from the measured dopant density. It was found that the 
change in the dopant density due to the boron and phosphorus co-doping was in mean below 4 % for these samples. 
The second perturbation is due to simultaneous presence of carbon, which leads to the formation of pairs containing 
substitutional aluminum and substitutional carbon [15]. These pairs act as acceptors as well and hence they were 
included in the measured dopant density. The density of AlsCs is determined by an equilibrium reaction, which 
depends on the aluminum and carbon concentration as well as on the temperature. We measured the AlsCs density 
by evaluating the absorption peak at 373 cm-1 [15]. In order to reveal the unpaired substitutional aluminum 
concentration [Als] the dopant density was reduced by the AlsCs concentration. The fraction of AlsCs pairs in the 
dopant density was found to be below 5 %. 
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Fig. 3. Area of absorption peaks related to substitutional aluminum as a function of substitutional aluminum concentration. Lines represent linear 
fits to the measured data. The slope of the linear fit yields the calibration factor. 
Table 1: Calibration factors of peak areas related to substitutional aluminum. The error is obtained from  
the least squares fit. 
 fpeak [1013 cm-1] error [%] 
443 cm-1 16.2 2.5 
472 cm-1 4.2 4.7 
516+524 cm-1 6.3 1.7 
867 cm-1 61.6 4.0 
962 cm-1 -152.0 2.0 
 
The area of the absorption peaks was obtained by fitting pseudo-Voigt functions (see Fig. 2) which is a linear 
combination of Lorentz- and Gauss-function. In Fig. 3 the area of the absorption peaks related to substitutional 
aluminum is depicted as a function of the substitutional aluminum concentration. The peak area Apeak is a linear 
function of the substitutional aluminum concentration [Als] through the origin of coordinates: 
 
peakpeaks ]Al[ fA           (1) 
 
with fpeak being the slope denoted by calibration factor. Hence, by linear fitting of the peak area as a function of the 
substitutional aluminum concentration (see Fig. 3), the calibration factors for each peak can be obtained. 
 
Table 2: Oscillator strength and calibration factor of the main aluminum absorption line at 472 cm-1. 
 oscillator strength OS472 [103] 
calibration factor f472 
[1013 cm-1] 
Theory [17] 27.6 3.29 
SEMI MF 1630 [2] 12.8 7.09 
Alt et al. [16] 12.2 7.41 
Baber [18] 9.4 9.62 
Andreev et al. [19] 23.2 3.91 
Jones et al. [15] 21.8 4.17 
this work 21.6 ± 1.0 4.21 ± 0.20 
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The calibration factors for several peaks are summarized in Tab. 1. Absorption peaks at larger wavenumbers are 
particularly relevant for refined up to solar-grade silicon as such silicon can contain several dopants including P, B, 
Al and Ga, which cause high absorption due to electronic transitions of the donors and acceptors at low 
wavenumbers between 300 and 600 cm-1. Hence, in particular the Fano antiresonance at 962 cm-1 can be used for 
measuring the aluminum concentration in such kind of silicon. 
In Tab. 2 the calibration factor of the Als absorption peak at 472 cm-1 and the oscillator strength, which can be 
calculated from the calibration factor [19], are compared with literature data. A large deviation between the reported 
factors is found. The factor obtained in this investigation fits well to the factor obtained by Jones et al. [15]. The 
latter investigation is the only one that takes into account pairs of substitutional aluminum and substitutional carbon. 
The main absorption peak of the p1/2 spectrum of the AlsCs pairs was identified at 762 cm-1. A linear correlation 
of the peak areas at 373 cm-1 and 762 cm-1 was found and used to determine a calibration factor for the peak at 
762 cm-1. With the calibration factor of the AlsCs peak15 at 373 cm-1, we obtained f762 = (0.13 ± 0.01) × 1013 cm-1. 
 
 
600 800 1000 1200 1400
0
5
10
15
20
25
30
35
40
 60 W
 50 W
 40 W
 30 W
 20 W
 10 W
 0 W
ab
so
rp
tio
n 
co
ef
fic
ie
nt
 
 [c
m
-1
]
wavenumber [cm-1]
[B]Scheil = 2.8 x 10
16cm-3
[P]Scheil = 3.0 x 10
16cm-3, [Al]Scheil = 1.0 x 10
16cm-3
Als Fano
 
Fig. 4. LTFTIR spectra of a multicrystalline silicon sample doped with boron, phosphorus and aluminum. The intensity of the bias light is varied 
to neutralize acceptors and donors. 
 
To demonstrate the applicability of the developed method, LTFTIR spectra of a multicrystalline silicon sample 
doped with boron, phosphorus and aluminum were measured (see Fig. 4). The peak area of the Fano anti-resonance 
was used to calculate substitutional aluminum concentration by applying the calibration factor given in Tab. 1. To 
measure the complete substitutional aluminum concentration, all ionized acceptors and donors have to be 
neutralized by carrier injection using a bias light [18]. In Fig. 5 the measured substitutional aluminum concentration 
is plotted as a function of the bias light power. A power of 30 W was found to be sufficient to neutralize all 
acceptors and donors in this sample. The obtained substitutional aluminum concentration of 
[Als] = (8.7±0.3) × 1015 atoms/cm3 is in good agreement with the value obtained by Scheil approximation [20] of 
[Al]Scheil = 1.0 × 1016 atoms/cm3. Deviations are probably due to incomplete built-in of aluminum on substitutional 
sites and due to AlsCs pairs. 
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Fig. 5. Substitutional aluminum concentration obtained from peak area of the Fano anti-resonance at 962 cm-1 (see Fig. 4) as a function of bias 
light power. Complete neutralization of acceptors and donors is reached at a bias light power of 30 W. 
4. Conclusion 
In summary, we have further developed the low-temperature FTIR spectroscopy method to be applicable to 
measure the aluminum content in silicon in concentrations up to 5 × 1016 atoms/cm3. Absorption spectra of 
multicrystalline silicon samples doped with varying aluminum content are measured at 10 K and correlated to the 
dopant density obtained by four point probe resistivity measurements. Calibration factors for absorption peaks of 
unpaired substitutional aluminum at 443, 472, 516+524 and 867 cm-1 as well as for a Fano anti-resonance at 
962 cm-1 are reported. Due to the large wavenumber of the Fano anti-resonance this calibration factor enables the 
LTFTIR method to measure the aluminum content in silicon with high concentrations of different acceptors and 
donors when silicon becomes opaque in the spectral region of main electronic transitions.  
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